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Mus81 is a highly conserved substrate specific endonuclease. Human Mus81 cleaves Holliday junctions, replication forks,
and 3� flap substrates in vitro, suggesting a number of possible in vivo functions. We show here that the abundance of
human Mus81 peaks in S-phase and remains high in cells that have completed DNA replication and that Mus81 is a
predominantly nuclear protein, with super accumulation in nucleoli. Two RecQ related DNA helicases BLM and WRN
that are required for recombination repair in human cells colocalize with Mus81 in nucleoli. However, the nucleolar
retention of Mus81 is not dependent on the presence of BLM or WRN, or on ongoing transcription. Mus81 is recruited to
localized regions of UV damage in S-phase cells, but not in cells that are blocked from replicating DNA or that have
completed replication. The retention of human Mus81 at regions of UV-induced damage specifically in S-phase cells
suggest that the enzyme is recruited to the sites at which replication forks encounter damaged DNA. The nucleolar
concentration of Mus81 suggests that it is required to repair problems that arise most frequently in the highly repetitive
nucleolar DNA. Together these data support a role for Mus81 in recombination repair in higher eukaryotes.

INTRODUCTION

DNA is constantly damaged by endogenous reactive metab-
olites, exogenous chemicals, and radiation. A network of cell
cycle checkpoints and DNA repair mechanisms maintain
integrity of the genome and prevent the deleterious conse-
quences of genetic degeneration (Zhou and Elledge, 2000).
Several distinct repair pathways have evolved to repair the
many different forms of damage that DNA can suffer (re-
viewed in Hoeijmakers, 2001). Damage that affects only one
strand of the duplex can be repaired using the information
present on the remaining intact strand, accordingly, helix
distorting injuries, such as UV light–induced pyrimidine
dimers and bulky chemical adducts, are predominantly re-
paired by nucleotide excision repair (NER). Excision of the
damaged strand involves �20 polypeptides including sev-
eral proteins encoded by the xeroderma pigmentosum XP
disease-causing genes. Two endonuclease activities are re-
quired: XPG is needed to make a first incision 3� to the
damaged site and XPF-ERCC1 is required to make a second,
5� incision. A region of 25–30 nucleotides surrounding the
damaged site is removed, and the undamaged strand is used
to fill in the gap (Hoeijmakers, 2001). In addition to its role
in NER, XPF-ERCC1 is implicated in interstrand cross-link
removal, in removing nonhomologous termini from recom-
bination intermediates and in gene replacement (Weeda et
al., 1997; Adair et al., 2000; Kuraoka et al., 2000; Sargent et al.,
2000; Niedernhofer et al., 2001). Other forms of damage that
affect both strands cannot be repaired by copying an intact
strand of the duplex. Double-strand breaks (DSB) are caused

by ionizing radiation, free radical damage, and by many
chemical agents. Two distinct mechanisms exist for the re-
pair of DSBs. Before replication, when only one copy of the
genome is available, nonhomologous end-joining (NHEJ)
can be used to repair DSBs. NHEJ involves the ligation of
two DNA ends with little or no homology. Despite the
potential this mechanism has for the loss of information, it is
clear that NHEJ is a significant DSB repair pathway in
human cells (Critchlow and Jackson, 1998). An alternative to
using the end-joining strategy is to repair DSBs using an-
other DNA duplex of identical, or near identical, sequence as
a template for extension of broken ends. After replication,
when two copies of the genome are available, homologous
recombination is favored (Karran, 2000; Jasin, 2002). Homol-
ogous recombination involves resection of one strand of the
damaged duplex, invasion of highly homologous or identi-
cal duplex DNA and extension of the broken strand using
one strand of the intact duplex as a template. The process of
recombination repair is frequently used to repair or recap-
ture replication forks in prokaryotes and evidence that is
also used by eukaryotes in accumulating (McGlynn and
Lloyd, 2002).

Phenotypic analysis of two different yeasts suggests that
Mus81 is primarily involved in recombination repair (Boddy
et al., 2000; Interthal and Heyer, 2000). Mutants of Mus81 are
synthetically lethal with homologues of the RecQ helicase,
Sgs1 and Rqh1 in budding yeast and fission yeast, respec-
tively (Boddy et al., 2000; Mullen et al., 2001), and Mus81 is
required to tolerate replication problems, including those
caused by defects in replicative DNA polymerases and de-
pletion of nucleotide pools (Boddy et al., 2000; Interthal and
Heyer, 2000). A role for Mus81 in the resolution of Holliday
junctions in fission yeast is supported by the observation
that disruptants of Mus81 or of its binding partner Eme1 fail
to complete meiosis and that the meiotic defect can be sup-
pressed by expression of the bacterial protein, RusA (Boddy

DOI: 10.1091/mbc.E03–05–0276.
† Corresponding author. E-mail address: chmcg@scripps.edu.
* Present address: Program of Molecular Genetics, The University

of Arizona Cancer Center 0975A, 1515 N. Campbell Avenue,
Tucson, AZ 85724.

4826 © 2003 by The American Society for Cell Biology



et al., 2001), a Holliday junction resolvase (Bolt and Lloyd,
2002). By contrast, meiotic defects in budding yeast Mus81-
Mms4 mutants are severe in some strains, but not in others
(Interthal and Heyer, 2000; de Los Santos et al., 2001; Kali-
raman et al., 2001), deletion of Mus81-Mms4 has a modest
effect on meiotic recombination rates (de Los Santos et al.,
2001), and recombinant Mus81-Mms4, purified from bacte-
ria, has weak activity on X-structures in vitro (Kaliraman et
al., 2001; Whitby et al., 2003). The exact substrates that
Mus81-associated endonucleases act on in vivo remain con-
troversial (Boddy et al., 2001; Chen et al., 2001; Haber and
Heyer, 2001; Kaliraman et al., 2001; Constantinou et al., 2002;
Doe et al., 2002; Whitby et al., 2003).

Biochemical analysis of the endonuclease activity of hu-
man Mus81 has shown that it acts on X-shaped DNA duplex
oligonucleotides that are used to represent Holliday junc-
tions, Y-shaped duplexes that are used to represent replica-
tion forks and 3� flaps that represent the structures gener-
ated during single-strand annealing and during NER (Chen
et al., 2001; Constantinou et al., 2002). Mus81 is one of two
activities that can process Holliday junctions into linear
duplexes in human cell extracts (Constantinou et al., 2002).
These two resolvases have distinct biochemical and enzy-
matic properties, suggesting that they have distinct func-
tions in vivo (Constantinou et al., 2002).

To gain insight into the role Mus81 plays in DNA repair in
human cells, we have examined the expression profile and
subcellular distribution of human Mus81. We report that the
abundance of Mus81 increases as cell progress through the
cell cycle, with Mus81 being most abundant in replicative
and postreplicative cells. We show that Mus81 is a nuclear
protein and that it is enriched in nucleoli. Two human RecQ
helicases, BLM and WRN, which are implicated in recombi-
nation repair, are also enriched in nucleoli. However, the
nucleolar accumulation of Mus81 is not dependent on the
presence of either BLM or WRN. In addition, we find that
Mus81 is retained at regions of UV damage when cells are in
S-phase at the time of UV irradiation. Mus81 is not recruited
to regions of DNA damage in cells that are UV-irradiated
before or on completion of DNA replication. The retention of
Mus81 in nucleoli, the increased abundance in replicating
and postreplicative cells, and the observation that it localizes
to regions of UV damage specifically in human cells that are
undergoing DNA replication suggest that the Mus81-endo-
nuclease is required to resolve problems that arise during
DNA replication.

MATERIALS AND METHODS

Cell Lines and Culture
HeLa cells, SV40 transformed normal fibroblasts (GM678G), BS (GM08505
and GM01492), WS (AG11395), and XPA (GM04429F) from Coriell Institute
for Medical Research (Camden, NJ) and normal human fibroblasts (WI38)
from ATCC (Manassas, VA) were grown in DMEM or MEM supplemented
with 10% fetal bovine serum (FBS), 100 �g/ml penicillin, and streptomycin.
HeLa cells were synchronized at the G1/S boundary by double-thymidine
block: cells were grown in the presence of 2 mM thymidine for 16 h; after 8 h
growth in normal medium, 2 mM thymidine was added to the culture and
cells were again grown for 16 h. At the time of release, cells were washed
twice in 37°C DMEM and returned to growth for the indicated times. WI38
cells were synchronized by growth in MEM supplemented with 0.1% FBS for
3 d and then splitting cells at low density and culturing in MEM with 10%
FBS. Where indicated, 2 mM hydroxyurea (Sigma, St. Louis, MO) or 10 nM
camptothecin (Sigma) was added to complete culture medium 8 h before
harvesting. Cells were UV irradiated using a UV-Stratalinker 18000 (Strat-
agene, Carlsbad, CA) set to deliver 60 J m�2 of 254-nm light. For local UV
irradiation, an isopore polycarbonate membrane filter (Millipore, Billerica,
MA) containing 10-�m-diameter pores was placed on top of the cells. After
exposure to UV light, the filter was removed, and cells were cultured for 15
min before harvesting.

Immune-fluorescence Microscopy
For immune-fluorescence studies, cells were grown on coverslips for 24 h.
Before fixation with 4% formaldehyde, cells were washed in phosphate-
buffered saline (PBS) to remove medium, or the in situ fractionation proce-
dure was performed as described in Mirzoeva and Petrini (2001). Coverslips
were washed PBS, incubated in cytoskeleton buffer (10 mM piperazine-N,N�-
bis(2-ethanesulfonic acid), PIPES, pH 6.8; 100 mM NaCl; 300 mM sucrose; 3
mM MgCl2; 1 mM EGTA; 0.5% Triton X-100) for 5 min on ice, followed by
incubation in cytoskeleton stripping buffer (10 mM Tris-HCl, pH 7.4, 10 mM
NaCl, 3 mM MgCl2, 1% Tween 40, 0.5% sodium deoxycholate) for 5 min on
ice. After several washes with ice-cold PBS, the cells were fixed in 4%
formaldehyde for 10 min and permeabilized in 0.5% Triton X-100 solution for
15 min at room temperature as previously described. Cells were blocked with
10% FBS in PBS for 1 h and incubated with primary antibody overnight in 4°C
and with secondary antibody for 1 h at room temperature. All antibodies were
diluted in 1% bovine serum albumin. Cells were then washed, counterstained
with 4�,6�-diamidino-2-phenylindole (DAPI), and mounted in 70% glycerol.
Primary antibody dilutions were as follows: Mus81 1:50, Ha 1:1000, BLM 1:50,
WRN 1:100, nucleophosmin/B23 1:100, Lamin 1:100, TDM-2 1:50. Fluorescein
isothiocyanate–conjugated anti-mouse or anti-rabbit IgG, or Alexa-fluor 546–
conjugated IgG (Molecular Probes, Eugene, OR) were used at 1:500 and
1:1000, respectively. For DNase I treatment, cells were permeabilized with
0.5% Triton X-100 in PBS and incubated with 5 U RNAse-free DNAse I
(Roche, Indianapolis, IN) in 0.1 M sodium acetate, 5 mM MgSO4, at 37°C for
10 min before fixing. Images were captured using a charge-couples device
camera (Photometrics, Tucson, AZ), gray scale images were processed using
Adobe Photoshop 7.0 (Adobe, San Jose, CA).

Where indicated HeLa cells were transfected with 2 �g of pCDNA-3Ha-
Mus81 plasmid (Chen et al., 2001) using Effectene (Qiagen, Valencia, CA).

Antibodies and Western Blotting
Antibodies to Mus81 were generated by immunizing a rabbit with GST-
Mus81 purified from bacteria. The resulting sera were affinity purified over
GST-Mus81 that had been cross-liked to glutathione-Sepharose using dimeth-
ylpimelimidate (Harlow and Lane, 1988), as previously described (Chen et al.,
2001). Antibodies to BLM (7790), tubulin (5546) and cyclin B (752) were from
Santa Cruz Biotechnology (Santa Cruz, CA), WRN (100–161) from Novus
Biologicals (Littleton, CO), nucleophosmin/B23 (18-7288) from Zymed (South
San Francisco, CA). UV-induced cyclobutane pyrimidine dimers were de-
tected using the mouse monoclonal TDM-2 antibody (Mizuno et al., 1991)
kindly provided by Dr. Matsunaga (Kanazawa University). Antibodies to
lamins A and C was kindly provided by Dr. Gerace (The Scripps Research
Institute). For Western analysis cells were lysed in 20 mM HEPES, pH 7.4, 150
mM NaCl, 5% glycerol, 0.1% NP-40, 0.1% �-mercaptoethanol, 0.5 mM phe-
nylmethylsulphonyl fluoride, and 5 �g/ml leupeptin, pepstatin, and aproti-
nin. Lysates were cleared by centrifugation at 10,000 � g for 10 min. Protein
concentration of the supernatants was determined using Bradford reagent
(Bio-Rad, Hercules, CA). Cell lysate, 50 �g, was resolved on 10% acrylamide-
SDS gels. Immune-blots were incubated in Mus81 (1:500), cyclin B (1:1000),
BLM (1:1000), or tubulin (1:1000) followed by horseradish peroxidase–conju-
gated anti-rabbit or anti-mouse (Promega, Madison WI). Chemoluminescence
(Pierce, Rockford, IL) was used to detect the respective proteins.

RESULTS

Mus81 Abundance Increases in S-phase
To investigate the function of Mus81 in human cells, we first
studied its expression and subcellular location. A polyclonal
antibody was raised against the full-length protein ex-
pressed in bacteria (Chen et al., 2001). Affinity-purified an-
tibodies recognize a band of the expected molecular weight.
The abundance of Mus81 was examined in HeLa cells that
had been synchronized at the G1/S-boundary by double-
thymidine synchronization. Mus81 abundance was low in
thymidine-arrested cells and increased as cells progressed
through S-phase and into G2 (Figure 1A). Samples from the
same experiment were probed with antibody to cyclin B. As
expected, cyclin B showed a gradual increase in abundance
as cells progressed into S-phase and G2. A considerable
reduction in the abundance of cyclin B was seen between 9
and 10 h when the majority of cells passed through mitosis.
Likewise, the abundance of Mus81 decreased before the
majority of cells passed through mitosis. The top portion of
the same gel was probed for the presence of BLM. BLM, the
protein defective in Bloom’s syndrome (BS), is a RecQ-like
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helicase that acts in homologous recombination and sup-
presses illegitimate recombination (Enomoto, 2001; Hickson,
2003). As shown previously, the BLM protein accumulates
as cells progress through the cell cycle, with the protein
being most abundant late in the cell cycle (Sanz et al., 2000;
Bischof et al., 2001). The coincident increased abundance of
Mus81 and BLM in replicative and postreplicative cells,
suggests a role for both proteins in cells that contain two
copies of the genome. The possibility that the increased
abundance of Mus81 seen here was a consequence of dam-
age that might occur when cells are cultured in the presence
of thymidine was considered. To settle this, the abundance
of Mus81 was examined in normal human fibroblasts (WI38)
that were synchronized by serum starvation and release. As
shown in Figure 1B, the abundance of Mus81 was low in
G0-arrested cells, and did not increase until 16–20 h after
serum stimulation. The abundance of Mus81 continued to
increase until 32 h at which time the majority of cells had
entered or had completed S-phase. As seen in HeLa cells, the
increase in abundance of Mus81 in WI38 cells closely paral-
leled that of cyclin B, although the relative change is less for
Mus81. In view of the fact that the cells in this experiment

were synchronized without exogenous DNA damage it is
likely that the increased abundance of Mus81 reflects a re-
quirement for the protein as cells progress through an un-
perturbed cell cycle.

Mus81 Is Retained in Nucleoli
The subcellular distribution of endogenous Mus81 was in-
vestigated using affinity-purified antibodies. Indirect im-
mune-fluorescence of fibroblasts (see Figures 3 and 5) or
epithelial cells (see Figure 2) revealed a predominantly nu-
clear staining pattern. Several regions of increased intensity
were seen within the nucleus; data shown later indicate that
these regions correspond to nucleoli (see Figure 4). Reten-
tion of repair enzymes to specific regions of damaged DNA
has previously been reported and the site or circumstance of
retention has provided insight into the function of several
repair protein. Specifically, a number of NER enzymes are
recruited to regions of UV irradiation (Katsumi et al., 2001;
Mone et al., 2001; Volker et al., 2001), and several recombi-
nation repair enzymes are recruited to distinct irradiation
induced foci (Maser et al., 1997; Scully et al., 1997; Paull et al.,
2000). In some cases the retention of a subpool of protein has
been more easily seen after in situ fractionation (Mirzoeva
and Petrini, 2001). Therefore we tested the idea that Mus81
might be preferentially retained in nucleoli by procedures
that wash away the majority of nuclear Mus81. As shown in
Figure 2B, a fraction of Mus81 was preferentially retained in
nucleoli after in situ extraction. Prior treatment with agents
that damage DNA, specifically UV irradiation, hydroxyurea
(HU), and camptothecin (CPT), increased the proportion of
cells in the population with strong nucleolar staining (our
unpublished results) but did not affect the subnuclear dis-
tribution of Mus81 (Figure 2B). As shown below, a similar
pattern of nucleolar retention was seen using antibody to the
Ha-epitope and cells that had been transfected with plasmid
encoding 3HaMus81 (Figure 3, A and B). The pattern of
Mus81 retention in subnuclear bodies was reminiscent of
that previously reported for the RecQ helicases BLM and
WRN (Marciniak et al., 1998; Sanz et al., 2000; Yankiwski et
al., 2000). The genes encoding BLM and WRN are mutated in
the cancer-prone disorder BS and the cancer prone, prog-
eroid disorder Werner’s syndrome (WS), respectively. These
syndromes are characterized by a high degree of genomic
instability, and cells derived from BS and WS patients show
defects in DNA replication. BLM and WRN helicases are
both thought to function in replication restart and have been
shown to branch migrate Holliday junctions in vitro (Con-
stantinou et al., 2000; Karow et al., 2000a).

If Mus81 is acting on the same structures as BLM and
WRN, it might be expected to colocalize with these proteins,
and if Mus81 associates with the helicases its accumulation
in the nucleolus might be dependent on their presence. We
therefore examined the pattern of Mus81 in cells that had
been costained with antibody to WRN or BLM. The antibod-
ies against BLM AND WRN were raised in rabbits; therefore
the location of 3Ha-Mus81 was determined using mouse
monoclonal anti-Ha. As previously reported WRN was
found to localize predominantly in 3–5 subnuclear regions
(Figure 3A; Gray et al., 1998; Marciniak et al., 1998). The
identity of these spots as nucleoli was confirmed by staining
with antibody to human nucleolar protein nucleophosmin/
B23 (Figure 4A). Merged images of Mus81 and nuclophos-
min/B23 staining reveal the two proteins within nucleoli
and suggest that they are concentrated in distinct subnucleo-
lar domains (Figure 4B). Costaining of cells with Mus81 and
WRN antibodies revealed coincident localization of the two

Figure 1. The abundance of Mus81 is increased in replicative and
postreplicative cells. (A) The abundance of Mus81 was monitored in
extracts from HeLa cells after release from a double-thymidine
block. Samples were harvested at the indicated time points, and the
abundance of Mus81 was monitored by Western analysis. The top
portion of the same gel was probed for the presence of BLM, the
protein altered in Bloom’s syndrome. The timing of mitosis was
determined by monitoring the disappearance of cyclin B. (B) The
abundance of Mus81 was low in serum-starved WI38 cells and
increased gradually as cells progress through S-phase. Contact in-
hibited serum-starved human fibroblasts were stimulated to reenter
the cell cycle by seeding cells at low density in medium containing
10% serum. The abundance of cyclin B, a highly periodic protein
that is expressed in late S phase and G2 is shown for comparison
(middle panel). Anti-tubulin immune-blots confirmed that equiva-
lent amounts of cell extract were present in all samples (bottom
panel).
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proteins (Figure 3A). Costaining of Mus81 with BLM also
showed significant colocalization of the two proteins (Figure
3B). Antibody to BLM also stained smaller, more punctate
regions of the nucleus that costain with antibodies to the
PML protein (Johnson et al., 2000; Sanz et al., 2000; Bischof et
al., 2001; and our unpublished results). PML bodies were

found to stain weakly or not at all with Mus81 antibody. The
nucleolar distribution of Mus81 was examined in cells from
patients with BS and with WS that lack detectable BLM (Neff
et al., 1999) and WRN (Moser et al., 2000) protein, respec-
tively. As shown in Figure 3C, the nucleolar staining of
Mus81 was unaltered in these cell-lines, indicating that the

Figure 2. Mus81 is a nuclear protein that is
retained in nucleoli after in situ extraction.
Indirect immune fluorescence analysis of
HeLa cells using affinity purified antibody to
Mus81 revealed a predominantly nuclear pat-
tern of staining with increased intensity in
subnuclear bodies. (A) Samples on the left-
hand side were fixed after a brief wash in PBS
to remove extracellular proteins only. (B)
Samples on the righthand side were extracted
with detergent containing buffers to remove
soluble proteins before fixation (Mirzoeva
and Petrini, 2001). Samples were costained
with DAPI to reveal DNA. Treatment of cells
with UV-light, HU, or CTP before fixation
had little effect on the localization of Mus81.

Figure 3. Nucleolar retention of Mus81 is
independent of the BLM and WRN helicases.
Cells that had grown on coverslips for 24 h
were subjected to in situ extraction before
fixation as above. (A). 3HaMus81 and WRN
colocalize in several subnuclear spots in
pCDNA-3HaMus81–transfected HeLa cells.
(B) 3HaMus81-colocalizes BLM in several
subnuclear spots in pCDNA-3HaMus81–
transfected HeLa cells. (C) Nucleolar reten-
tion of endogenous Mus81 is not abrogated in
BS or WS cells.
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recruitment of Mus81 to nucleoli is not dependent on the
presence of either of these helicases.

Nucleoli are enriched in regions of the genome that en-
code rRNA genes. The highly repetitive nature of the rDNA
loci is susceptible to recombination. In budding yeast, mu-
tants in the Sgs1 helicase, which is a sequence homologue of
BLM and WRN, result in increased genetic instability, par-
ticularly at the rDNA locus (Sinclair and Guarente, 1997;
Sinclair et al., 1997). Thus, one explanation for the abundance
of WRN in nucleoli is that it is required to suppress recom-
bination at highly repetitive sequences in the nucleolus
(Marciniak et al., 1998). Nucleoli are also regions of high
transcriptional activity and the presence of WRN in nucleoli
correlates with on-going transcription (Shiratori et al., 2002).

Furthermore, WS cells have reduced rates of transcription
that can be complimented by introduction of the wild-type
protein (Balajee et al., 1999). Therefore the abundance of
WRN in nucleoli might reflect a requirement for WRN in
efficient transcription. To determine if the nucleolar accumu-
lation of Mus81 required on-going transcription, HeLa cells
were treated with actinomycin D and �-amanitin and the
location of Mus81, WRN, and the nucleolar marker nucleo-
phosmin/B23 was determined (Figure 4, A and B). As pre-
viously reported, treatment with 50 ng/ml actinomycin D
caused the majority of WRN to relocate to the nucleoplasm
with less retention of the protein in the nucleoli (Shiratori et
al., 2002; Figure 4A). In contrast to WRN, the nucleolar
staining of Mus81 was unaffected by actinomycin D. Expo-

Figure 4. Mus81 is retained in the nucleoli of
actinomycin D– and �-amanitin–treated cells,
but not in DNAse I–treated cells. HeLa cells
were incubated with 50 ng/ml actinomycin D
and/or 0.5 �g/ml �-amanitin for 1 h before
harvest. After in situ extraction and fixation,
samples were costained for WRN or Mus81,
the nucleolar protein, nucleophosmin/B23,
and for DNA. (A) Nucleolar WRN became
predominately nuclearplasmic after treatment
with actinomycin D. (B) The nucleolar stain-
ing of Mus81 was not affected by actinomycin
D or �-amanitin treatment. (C) Digestion of
DNA results in the loss of nucleolar Mus81
staining.
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sure to the RNA polymerase II inhibitor, �-amanitin, and
simultaneous treatment with actinomycin D and �-amanitin
did not affect the nucleolar localization of Mus81, (Figure
4B). These data confirmed that nucleolar retention of Mus81
is independent of WRN and suggest that its presence in the
nucleolus does not require on-going transcription. Because
the nucleolar staining of Mus81 was resistant to detergent
extraction, to transcriptional inhibitors, and to the absence of
BLN or WRN, we sought evidence that nucleolar retention
of Mus81 was dependent on the presence of DNA. To do
this, cells were exposed to mild detergent and digested with
DNAse I before fixation. DAPI staining revealed that the
majority of DNA was released from nuclei, whereas staining
with antibody to lamins A and C showed that proteins of the
nuclear envelope were not disrupted by this treatment (Dw-
yer and Blobel, 1976). As shown in Figure 4C, the majority of
Mus81 was released by DNAse I treatment. Thus, the pres-
ence of Mus81 in nucleoli is directly or indirectly dependent
on the presence of DNA.

Mus81 Is Recruited to Regions of UV Damage
The retention of Mus81 within discrete subnuclear bodies
suggested that the protein is partially compartmentalized in
the absence of DNA damage. A similar pattern was seen
after DNA damage (Figure 2); however, the agents used
above damage DNA throughout the nucleus and retention
to the whole nucleus can be difficult to monitor. Polycarbon-
ate filters containing pores of defined size have been used to
restrict UV damage to confined areas of individual nuclei,
and several proteins are transiently recruited to specific sites
of damage (Katsumi et al., 2001; Mone et al., 2001; Volker et
al., 2001). To determine if Mus81 can be recruited to regions
of damage, cells were irradiated through polycarbonate fil-
ters containing 10-�m-diameter pores. SV40-transformed
cells with a defect in XPA were used for this analysis be-
cause they are deficient in NER (Mone et al., 2001). UV-
induced damage was visualized by immune-fluorescence
labeling using the cyclobutane pyrimidine dimer (CPD) spe-
cific mAb TDM2 (Mizuno et al., 1991; Mori et al., 1991).
Preliminary analysis showed that Mus81 was retained at
regions of UV damage in 20–30% of the cells in an asyn-
chronous population (our unpublished results), suggesting
that retention might be related to cell cycle position.

To determine if Mus81 is recruited to UV-damaged re-
gions in a cell cycle–dependent manner, cells were synchro-
nized at the G1/S boundary by double-thymidine block.
Arrested cells, or cells that had been released for 5, 8, or 11 h,
were UV irradiated, and 15 min later samples were fixed and
stained for regions of damage and for Mus81. When thymi-
dine-arrested cells were UV irradiated, regions of damage
were clearly seen using the TDM-2 antibody. Mus81 was
found only in nucleoli. Costaining of Mus81 and the damage
specific antibody was only seen in cells in which the UV-
damaged region happened to contain nucleoli (Figure 5A,
top panel). By contrast, 5 h after thymidine release, Mus81
was found to colocalize with the regions of damage in �90%
of cells. Mus81 staining within the nucleoli was still clearly
visible in these cells, suggesting that recruitment of Mus81 to
the UV-damaged regions does not significantly deplete the
pool of nucleolar Mus81. Eight hours after release from
thymidine 42% of cells retained Mus81 at regions of UV
irradiation. In cells that had been released from thymidine
for 11 h, Mus81 was found in regions of UV-induced dam-
age in �10% of cells. Quantification of the coincidence of
regions of damage and Mus81 staining is shown in Figure
5B. The recruitment of Mus81 to damaged areas of the

nucleus in S-phase cells suggests that Mus81 is recruited to
regions of damage when replication forks encounter a re-
gion of UV-damaged template. The observation that it is
rarely recruited to regions of damage in thymidine-arrested
cells suggests it is not recruited to regions of UV damage
per se.

DISCUSSION

Mus81 is a subunit of a highly conserved, structure specific
endonuclease that is thought to function in a homologous
recombination repair pathway. In support of this idea, we
find that human Mus81 is expressed primarily in S-phase
and G2, when homologous recombination is operational. We
have previously reported that the abundance of Mus81 in-
creases after DNA damage and that its abundance is greatest
in cells treated with agents that interfere with progression
through S-phase (Chen et al., 2001). Here, we report that the
abundance of Mus81 increases in the S-phase of cells that
have not been exposed to exogenous DNA damaging agents,
suggesting that Mus81 participates in normal S-phase func-
tions. The abundance of Mus81 drops quite abruptly at the
time cells enter mitosis. The drop in Mus81 protein slightly
precedes the disappearance of cyclin B, which is degraded
late in mitosis (Pines and Hunter, 1989). A similar pattern of
expression was seen for the BLM helicase, a protein that is
also implicated in homologous recombination in human
cells (Bischof et al., 2001). The abundance of Mus81 is highest
in cells that have partially or completely replicated the ge-
nome, supporting the idea that Mus81 abundance increases
in cells that are competent for homologous recombination
repair. We found that Mus81 is preferentially retained both
in the nucleoli of damaged and undamaged cells. A similar
pattern of subnuclear localization was seen in a number of
cell lines. The significance of the nucleolar location is not
entirely clear; it could simply suggest nucleolar storage of
Mus81. However, the observation that Mus81 is found in the
same place as WRN and BLM support the idea that Mus81
and the helicases function in related processes. BS cells show
marked genomic instability; in particular, they have ele-
vated rates of recombination between sister chromatids and
homologous chromosomes (reviewed in Enomoto, 2001;
Hickson, 2003). This instability is thought to result from
defective processing of DNA replication intermediates. The
most obvious phenotype associated with WS is premature
ageing, but these patients are also highly susceptible to early
onset cancer and cells from WS patients have defects in
S-phase progression and mitotic recombination (Prince et al.,
2001). Both BLM and WRN have been shown to promote the
ATP-dependent translocation of Holliday junctions in vitro
(Constantinou et al., 2000; Karow et al., 2000a). Thus the
phenotype of BS and WS cells could arise from a failure to
branch migrate Holliday junctions and thus from a failure
to restore replication forks. This hypothesis is supported
by the observation that the WRN, BLM, and Mus81 accu-
mulate in regions of highly repetitive recombinogenic
DNA (Sinclair and Guarente, 1997; Sinclair et al., 1997;
Marciniak et al., 1998; Sanz et al., 2000). The BLM helicase
is found in PML bodies and in nucleoli of somatic cells
(Sanz et al., 2000; Bischof et al., 2001) and is associated
with synapsed chromosomes in meiotic cells (Walpita et
al., 1999; Moens et al., 2000).

In this analysis, we have found that Mus81 and BLM
colocalize in nucleoli. Consistent with other reports (Johnson
et al., 2000; Bischof et al., 2001), we also found BLM in smaller
more punctate regions that costain with antibody to PML
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Figure 5. Mus81 is retained at localized regions of
UV damage during S-phase. XPA cells were grown
on coverslips and synchronized at the G1/S bound-
ary by double-thymidine block. At the indicated
times a UV-opaque filter containing pores of �10-
�m-diameter was placed over cells that were ex-
posed to 60 mJ m�2 254-nm light and then cultured
for 15 min before in situ fraction and fixation. Cells
were stained for Mus81 and with TDM-2 to detect
the regions of UV-induced CPD. (A) A typical panel
of cells that were in thymidine at the time of irradi-
ation and at 5, 8, and 11 h after release from the
thymidine block. (B) Quantification of the coincident
localization of Mus81 and TDM-2 staining. Thirty to
35 cells were counted for each time point from two
independent synchronizations.
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(our unpublished results) in cells that were not extracted
before fixation. We did not find any evidence that Mus81
specifically accumulates in PML bodies. However, it is
worth noting that before in situ extraction, Mus81 is present
throughout the nucleus, and an accumulation in or associa-
tion with PML bodies could have been missed in this anal-
ysis. Mus81 is retained in the nucleoli of WS and BS cells that
lack detectable expression of these proteins (Neff et al., 1999;
Moser et al., 2000), and thus retention of Mus81 in nucleoli is
not dependent on WRN or BLM. This could be explained if
Mus81 and WRN act in alternative pathways to process a
common replication intermediate that frequently arises in
nucleoli. A model for the function of BLM and WRN in
suppressing recombination is based on the observation that
these helicase bind and migrate Holliday junctions in vitro.
If Mus81 resolves Holliday junctions that cannot be pushed
back into productive replication forks, Mus81 would be
needed in the same circumstances as the helicases, but func-
tion independently of them (Boddy et al., 2001). Support for
this model comes from the observation that simultaneous
disruption of Mus81 and Sgs1 or Rqh1 is lethal in budding
and fission yeast, respectively (Boddy et al., 2000; Mullen et
al., 2001). Unlike WRN, Mus81 was not released from nucle-
oli on treatment with actinomycin D or �-amanitin, condi-
tions that are commonly used to suppress transcription
(Casse et al., 1999). Even simultaneous treatment with acti-
nomycin D and �-amanitin did not detectably affect the
nucleolar retention of Mus81. By contrast, Mus81 was re-
leased from nucleoli after treatment with DNAse I; thus it is
likely that, Mus81 is retained in nucleoli by binding to DNA.
Mus81 has helix-hairpin-helix motifs found in many DNA-
binding proteins (Aravind et al., 1999; Boddy et al., 2000;
Interthal and Heyer, 2000; Chen et al., 2001), and Mus81 itself
may bind the nucleolar DNA directly; however, the possi-
bility that Mus81 is retained on nucleolar DNA through
association with other proteins cannot been discounted.

UV light predominantly induces pyrimidine dimers and
other bulky adducts that are efficiently removed by NER. If
these lesions are not repaired and a replication fork runs into
the damaged site, a double-strand end will be generated.
(Michel et al., 1997; Limoli et al., 2000; Oakley et al., 2001). We
did not find evidence that Mus81 is recruited to regions of
UV-induced damage in cells that are held in thymidine;
however, in cells that have been released from the block and
allowed to progress through S-phase, Mus81 was frequently
retained at damaged regions of the nucleus. The simplest
explanation for this is that Mus81 is not required to repair
UV-induced damage as such, but that it is required at dam-
aged regions when replication is on-going. If progression of
a replication fork is blocked by damage on the template, the
leading and lagging strands may anneal forming a chicken
foot or Holliday junction structure (Higgins et al., 1976). The
formation of a chicken foot structure allows extension of the
leading strand; thus by using the lagging strand as template,
the damaged site can be bypassed. After this, RecQ helicases
are hypothesized to migrate the Holliday junction back into
a replication fork (Karow et al., 2000b), and replication can
resume beyond the damaged site. In these circumstances,
the damaged site is not immediately repaired, but replica-
tion is not blocked and no potentially mutagenic repair has
occurred. Cells that lack the RecQ helicase have elevated
rates of recombination; thus it is assumed that the helicase
limits recombination by favoring the restoration of the fork.
One model for Mus81 function is that it acts on Holliday
junctions that are formed when replication forks encounter
damage. The data presented here support such a model, but

do not eliminate models in which Mus81 acts on other
structures that might arise in UV-irradiated cells (Kaliraman
et al., 2001; Doe et al., 2002; Whitby et al., 2003).
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